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Abstract
Slat noise constitutes today a major contribution to the total noise emitted by regional jets, and the mechanisms responsible for
their generation are not completely understood. In this paper, we are concerned with the low-frequency peaks that are commonly
found in the far- and near-ﬁeld spectra. Lattice-Boltzmann simulations of a standard three-element high-lift wing conﬁguration
are carried out, and attention is focused on the turbulent ﬂow in the slat region. Near- and far-ﬁeld data from the simulations are
compared with wind-tunnel experiments and results in the literature, showing good agreement. Proper Orthogonal Decomposition
is used to identify large-scale structures related to the two dominant frequency peaks in the noise spectrum. Diﬀerent correlations
are used in the POD: the usual one based on kinetic energy, and others based on the pressure ﬂuctuations, inside and outside
the slat region. Considering the latter increased the relative importance of the leading POD mode, reaching almost 100% of the
correlation for the given frequency, and its physical structure resembles the ﬂuctuations typically associated with mixing-layer
instability. Additionally, the analyses indicate that the structures with highest turbulent kinetic energy are not necessarily the ones
most correlated with the noise radiated to the far ﬁeld.
c© 2014 The Authors. Published by Elsevier B.V.
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1. Introduction
Owing to the reduction in engine noise attained in the last decades, in combination with the low-thrust conditions,
airframe noise has become one of the dominant noise sources during the landing phase1. The most signiﬁcant airframe
noise sources in commercial jets are the landing-gear, the ﬂap-side edge and the slat. In intercontinental airplanes, the
landing-gear dominate the airframe noise generation and levels with the engine noise at landing phase. However, for
regional, short range jets the slat generates a similar level of noise2.
Experiments addressing the slat noise identiﬁed three diﬀerent components in the radiated sound spectrum: a high-
frequency tone, a broadband noise at low and medium frequencies and a series of tonal peaks above the low-medium
frequency broadband noise3. An acoustic feedback loop, responsible for the discrete tones observed in the spectrum
of open cavity acoustic ﬁeld, known as Rossiter modes, is suggested to be the mechanism behind the the generation
of the low-frequency peaks4,5,6. However, the existence of the such low-frequency peaks is controversial7,8.
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Correlation techniques can be an useful approach to understand the physics involved in noise generation and prop-
agation. Successful examples exist in the literature on the use of correlation techniques in unveiling the underlying
physics; of especial interest here is Proper Orthogonal Decomposition (POD), the utility of which in the eduction of
large-scale coherent structures in turbulent ﬂows has been widely demonstrated9.
In this paper we address the generation of discrete tonal peaks of low-medium frequencies of the spectrum of the
noise radiated by the slat. Time-resolved Lattice-Boltzmann simulations were carried out to provide detailed data
of the ﬂow around the slat. Near-ﬁeld quantities and far-ﬁeld acoustic emissions computed by the simulations were
compared to our own wind-tunnel experiments and also with results available in the literature, in order to validate the
numerical model applied. Then, the time-resolved ﬂow data in the region of the slat were processed using the POD
technique to identify the large-scale turbulent structures associated with the noise generation at the two leading tonal
peaks.
2. Experimental procedures
2.1. Physical Setup
Aeroacoustic measurements were performed with a high-lift airfoil in closed-section wind-tunnel of the Sa˜o Carlos
Engineering School (EESC). The closed-circuit wind-tunnel has working section measuring 1.3m high, 1.7m wide and
3.0m long in the stream-wise direction. Its contraction ratio is 1/8 and the air ﬂow is driven by an eight blade axial
fan, which safely provides ﬂow speed up to 34 m/s. The test model was the three-element MD30P30N airfoil. The
model stowed chord was 0.5m, with ﬂap and slat extents being 30% and 15% of that chord, respectively. The airfoil,
manufactured with aluminum alloy, was vertically mounted without sweep spanning the working section to simulate
a 2D model.
Figure 1(a) outlines the wind-tunnel experimental setup used for aeroacoustic measurements. Acoustic pressure
data from the test model were measured with a 62-element wall-mounted array of microphones. The array geometry
stems from optimizing the Archimedean Equation. The array panel was drilled with a precision machine to reduce
microphone position uncertainties and prevent signal phase mismatching for acoustic beam-forming, and was mounted
to smoothly adjust to the tunnel vertical wall. Microphones were ﬂush-mounted to the array panel and the front grids
used to protect their membranes were removed for measurements. The array position relative to the model in the tunnel
exposes microphones directly to the acoustic pressure originated from the wing pressure side. This experimental setup
optimally places the array to capture noise from potential aerodynamic sources acting into the slat cove and in the
inner part of the slat upper trailing-edge.
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(a) Wind-tunnel setup (b) POD regions
Fig. 1. (a) MD30P30N high-lift model vertically installed at 4◦ incidence angle for acoustic measurements in wind-tunnel. High-lift chord, array
diameter and typical distances are depicted. (b) And scheme of the regions considered in the three diﬀerent inner products deﬁned for the POD
analysis.
Suction was applied at the main-element lee-side and at the slat leading edge in both airfoil ends to reduce the
turbulent boundary layer eﬀects on the uniform ﬂow over the airfoil surface. The airfoil was instrumented to hold 110
chordwise static pressure tappings at the mid-span and two lines comprising 54 spanwise static pressure tappings in
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the main-element suction side. One line with 27 pressure tappings is laid near the main-element trailing edge and the
other near the leading edge. The spanwise pressure tappings were used to monitor the eﬀect of the applied suction
over the time-averaged static pressure.
2.2. Phased-array Techniques Formulation
Phased-array techniques were applied focusing on identifying and quantifying slat noise sources. Integrated slat
noise spectra were obtained by using DAMAS (Deconvolution Approach for the Mapping of Acoustic Sources).
DAMAS is a deconvolution technique used in the post-processing of conventional beam-forming results to reduce
the array geometry inﬂuence on a map of sources, which leads to a substantial improvement in sources resolution and
side-lobes suppression10.
For an array composed of M microphones, the frequency-domain beam-forming formulation adopted in this work
rests on the following equation
b
(
rs,o, ωl
)
=
| ∑Mn=1,nm ∑Mm=1,mn g∗m[Cm,n]gn |∑M
n=1,nm
∑M
m=1,mn | gm || gn |
, (1)
in which b
(
rs,o, ωl
)
is a squared pressure estimate of a source at focal point s, whose position relative to a reference
point o is given by rs,o, Cm,n denotes the cross-spectrum component, at frequency ωl, for microphones m and n, gm
and gn are transfer functions modeling the sound propagation from a monopole source at focal point s to microphones
m and n, respectively. According to Eq. 1, the beam-former output stems from weighting each array microphone
cross-spectrum component by a model-based transfer function at the corresponding frequency, adding all weighted
terms and scaling the result. Each transfer function contains the essential phase-delay information associated with the
path a sound wave follows from the assumed source position to a microphone position. The cross-spectrum Cm,n has
information from all sources measured by the array. However, the signal phase arising of weighting Cm,n by gm and
gn, according to the framework of Eq. 1, adds constructively for all pair of microphones when the focal point position
matches a physical source one. This is the beam-forming strategy to associate each scanning point with a pressure
estimate, which is high whether a source exists. In this work it is used a convective free-ﬁeld green function for a
monopole source as a model for the transfer function. Due to the applied normalization, the output in Eq. 1 nominally
scales with a signal auto-power of a reference microphone as measured on the array plane.
Entries for Eq. 1 are the array microphone cross-spectral matrix and a vector of transfer functions modeling sound
propagation from a target point toward all array microphones. A beam-forming map stems from successively applying
Eq. 1 throughout a grid of points featuring a discretized spatial domain.
DAMAS approaches each conventional beam-forming output as the spatial convolution between the measured
pressure ﬁeld and the array point spread function in the frequency domain, so that a beam-forming map representing
a distribution of K sources on a discretized spatial domain is modeled by the equations
b
(
ro,s, ωl
)
= As,1X1 + As,2X2 + . . . + As,kXk + . . . + As,KXK , (2)
with s=1,K, being Xk the source squared pressure at grid point of index k, as it would be measured without the array
geometry bias and As,k is the amplitude, at point k, of the array point spread function of a unitary point source at
grid point s. DAMAS formulation assumes the measured pressure ﬁeld comes from a distribution of incoherent point
sources.
The system of equations is solved iteratively by a Gauss-Seidel algorithm. At iteration (i), an approximation for
X(i)k holds as
X(i)k = bk −
⎡⎢⎢⎢⎢⎢⎢⎣
k−1∑
k′=1
Akk′X
(i)
k′
+
K∑
k′=k+1
Akk′X
(i−1)
k′
⎤⎥⎥⎥⎥⎥⎥⎦ , X(i)k ≥ 0, (3)
A positivity constrain, X(i)k ≥ 0, ensures only positive pressure values are taking into account and contribute to the
convergence of the iterative procedure. After convergence, DAMAS yields a map of sources with improved resolution
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and side lobes suppression, from which a region of interest can be selected to integrate discrete squared pressure
values associated with a spatially distributed source. This was done to integrate the slat sources along its span.
3. Lattice-Boltzmann model
Numerical simulations were computed using the commercial code PowerFLOW5.0a, based on the Lattice-Boltzmann
method. This method solves the discrete Boltzmann equation with the collision term approximated by the Bhatnagar-
Gross-Krook model11, which is valid for low Mach numbers12. The velocity space is discretized in cubic lattices
aligned with a Cartesian coordinate system, and a Chapman-Enskog expansion of the Lattice-Boltzmann equation
leads to the Navier-Stokes equations with the perfect-gas relation, p = ρRT .
Because of the restriction of the Cartesian discretization, the law-of-wall is used to construct boundary conditions
at the volumes closest to no-slip walls. The eﬀect of the smallest turbulent scales are accounted for by a modiﬁed
version of the k- turbulence model in the Renormalization Group (RNG) form12.
Two ﬂow conﬁgurations were considered in the simulations, all based on the same MD30P30N airfoil geometry at
4◦ angle of attack. In the ﬁrst one the conﬁgurations were chosen to match the wind-tunnel experiments described in
section 2.1. Therefore, the stowed chord of the airfoil was 0.5m and the vertical dimension of the simulation domain
was 1.7m, with free-slip wall condition representing the tunnel walls. At the inﬂow, uniform velocity equal to 34m/s
was imposed. At the same boundary, the turbulence intensity was set to 0.0009 and turbulence length scale, to 1mm,
whereas at the outﬂow the static pressure was prescribed as 1atm. This simulation was carried out for a Mach number
of 0.1 and Reynolds number of one million, based on the free stream ﬂow speed and the airfoil stowed chord, which
are representative of the experimental conditions.
The second simulation was set to match wind-tunnel experiments by Jenkins et al. 13. In this case the stowed chord
of the airfoil model was 0.457m and the vertical dimension of the domain was 0.711m. The inﬂow velocity was 56m/s,
resulting in a Reynolds number of 1.7 million, based on the stowed chord, and Mach number of 0.17. This conditions
represents closer the landing conditions. Moreover, besides the experiments by Jenkins et al. 13, several Unsteady
Reynolds Averaged Navier-Stokes (URANS) simulations were carried out accordingly and comparison with these
results provides reliability to the model employed here. For the same conﬁguration of this simulation, Simo˜es et al. 14
showed that the slat boundary layer outside the cove has no signiﬁcant inﬂuence on the slat noise. Therefore, here,
free-slip wall boundary condition was considered in the slat surface outside the cove.
Periodicity in the spanwise direction was imposed in the simulations, which, for a wavelength long enough, should
represent an inﬁnite wing. Statistical analyses by Choudhari and Khorrami15 showed that a domain spanwise dimen-
sion of ∼40% of the slat chord is enough to capture the decorrelation of the vortical structures and pressure ﬂuctuations
in the slat cove. Previous tests with a number of spanwise lengths also showed that the spanwise extent used here,
approximately 70% of the slat chord, was long enough for the results to be independent on this parameter. To reduce
the initial transient of the simulations, the outer part of the domain was modeled as a high-viscosity ﬂuid.
4. Proper Orthogonal Decomposition
The Proper Orthogonal Decomposition (POD) is a correlation technique that delivers a basis of orthogonal func-
tions {φk}, referred to as POD functions or modes, that optimally decompose a set of initial data {qk} based on a given
correlation or metric. The maximization leads to the eigenvalue problem
Rφ = λφ. (4)
R is a correlation matrix with elements Ri j = 〈q j, qi〉, where the brackets deﬁne a correlation or inner product. The
POD functions are ranked according to the POD eigenvalues λk, that serve as a measure of the relative importance of
the POD mode k in the ﬂow.
Here we perform POD analysis on sets of data extracted from the Lattice-Boltzmann simulations described in
section 3. As discussed, this simulations considered homogeneity of the solution in the spanwise direction allowing
a Fourier decomposition in this direction. We also assume that the non-steady turbulent ﬂow that generates the slat
noise is ergodic, and the time-series were divided in blocks and each block was Fourier-decomposed. Consequently,
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the realizations {qk} employed in the POD analysis corresponded to the spanwise Fourier modes and the temporal
Fourier modes for each block k of data.
In the present work we perform POD analyses based on two diﬀerent inner products or correlations. The ﬁrst one
considers a correlation of velocity components, leading to the usual turbulent Kinetic Energy (TKE) norm:
〈q j, qi〉tke =
∫
x
∫
y
(ui)∗ · u jdxdy, (5)
where the superscript ∗ denotes complex conjugate and u = [u v w]T is the velocity vector. For this inner product,
the integration was carried out over the rectangular region of ﬁgure 1(b) containing the slat and leading-edge of the
main element.
The TKE norm is adequate to educe structures which are dominant in the ﬂow dynamics, but is not necessarily
the best choice in order to study the structures more relevant to noise generation. We thus considered two other inner
products. One is based on the ﬂuctuations of static pressure inside the same rectangular area as the TKE inner product
and is deﬁned as
〈q j, qi〉p =
∫
x
∫
y
(pi)∗ · p jdxdy, (6)
and the other one considers the pressure correlation integrated along a line located outside the slat cove (horizontal line
in ﬁgure 1(b)), where the dominant ﬂuctuations are expected to be related to the acoustic waves propagated towards
the ground. This is formally represented by
〈q j, qi〉p f f =
∫
x
∫
y
(pi)∗A(x, y)p jdxdy, (7)
where A(x, y) is zero everywhere except in the line below the airfoil.
5. Results
5.1. Simulation with Reynolds number 1 million
To assess the sensitiveness of the numerical solution to the spatial resolution, two simulations were carried out
with diﬀerent grid resolutions for the conditions of the EESC wind-tunnel (Reynolds number 1 million). In the coarse
mesh, the smallest cubic volumes had edges of δxmin=0.20mm, while in the ﬁne mesh these edges had δxmin=0.14mm.
The other regions of the domain were reﬁned proportionally. Figure 2 shows the time-averaged pressure coeﬃcient,
Cp, on the airfoil surface and the Power Spectral Density (PSD) of the far-ﬁeld pressure ﬂuctuations as function
of the Strouhal number based on the free-stream ﬂow velocity and the slat chord. The experimental PSD of the
far-ﬁeld ﬂuctuations were computed as the integration of the deconvoluted beam-forming maps over a region of
interest centered at the slat with 0.8m at the spanwise direction and 0.18m in the streamwise direction. This spectrum
represents the signal of an ideal microphone at the center of the array. The numerical data for the far-ﬁeld was
calculated at this same location using the Ffowcs Williams-Hawkings analogy16
The static pressure distribution in ﬁgure 2(a) shows that, with the grid reﬁnement, the separation of the boundary
layer on the ﬂap suction side moves downstream and the aerodynamic load on this element increases. The predicted
load on the other two elements also increases slightly. Good agreement in the Cp is found between the numerical and
wind-tunnel measurements.
The far-ﬁeld spectra in ﬁgure 2(b) show the multiple tonal peaks of low-frequency typical of the slat noise. The
sensitiveness of the solution to spatial resolution is restricted to the two tonal peaks of lowest frequencies and the
comparison with wind-tunnel measurements is good, building conﬁdence in the consistence of the numerical solution.
5.2. Simulation with Reynolds number 1.7 million
The pressure coeﬃcient Cp distributions calculated by our LBM simulation and measured by Jenkins et al. 13 are
compared in ﬁgure 3. The data from the numerical results were taken from the central plane of the spanwise compu-
tational domain, and similarly, the experimental data were measured in the center of the airfoil model. Overall good
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Fig. 2. Comparison between numerical and experimental results for the ﬂow conditions of the EESC wind-tunnel, Reynolds number 1 million and
Mach number 0.1. (a) Chordwise distribution of pressure coeﬃcient and (b) Power Spectral Density (PSD) of the acoustic ﬂuctuation.
agreement is observed. The greatest diﬀerence is seen in the suction side of the ﬂap: since the simulation captures a
premature separation of the boundary-layer close to the ﬂap trailing-edge in comparison with the experiment, it pre-
dicts smaller load for this element. Similarly, the circulation of the main element calculated by the simulation is lower
than the observed in the wind-tunnel measurements. This discrepancy is probably related to a poor representation of
boundary-layer by the code PowerFLOW. However, the mean static pressure distribution on the slat and the suction
peak of the main element are very well captured by the simulation if one takes the experiment as reference.
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Fig. 3. Comparison of chordwise distribution from our LBM simulation with wind-tunnel measurements by Jenkins et al. 13.
The pressure-ﬂuctuations spectra at two locations on the slat surface (Fig. 4(a)) was calculated based on our LBM
simulation and compared with results of the URANS computations by Lockard and Choudhari17. As seen in ﬁgure 4,
the agreement is good for the dominant frequency range of the ﬂuctuations. The two simulations recover very similar
results for the frequency peaks and their amplitudes, especially for the probe p2. Since the probe p2 is outside the
cove region, the ﬂuctuations there are expected to be dominated by acoustic waves emanating from the cove through
the gap between the slat and the main element. In fact, the spectrum at this point is dominated by low-frequency tonal
peaks similar to those seen in ﬁgure 2(b).
Far-ﬁeld pressure spectra was calculated from the LBM simulation using the Ffowcs Williams-Hawkings (FW-H)
analogy Figure 5 shows the PSD at a point below the airfoil (in the direction of noise emited to the comunities in
airport region) at a distance from the cove equal to ten times the airfoil stowed chord. The spectrum is similar to the
one shown in ﬁgure 2(b).
5.3. POD analysis
The POD methodology described in section 4 allows us to study the ﬂow structures related to ﬂuctuations at a
speciﬁc frequency. We thus analyse in this section ﬂuctuations at the frequencies of two of the peaks seen in ﬁgure
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Fig. 5. PSD of acoustic ﬂuctuations for a point below the slat cove at a distance of ten times the airfoil stowed chord.
5, one at St∼1.75 and one at St∼2.42 using the data of the simulation with Mach number 0.17. The data used in the
POD analyses were comprised of 0.112s with a time resolution of 4.361×10−5s. The time-averaged was subtracted
from the data, and the Fourier modes in spanwise direction were calculated based on 33 points equaly spaced in this
direction. The data time-series were then divided in 19 blocks with 50% overlap and the time-Fourier modes of each
block for the two frequencies of interest were calculated, with a frequency resolution of 89.6Hz.
Figure 6 shows the spectra of POD eigenvalues for St∼1.75, for the three inner-products described in section 4,
as function of the spanwise wavenumber βz. The eigenvalues are normalized by the sum of all eigenvalues for the
entire range of βz considered (
∑
n
∑
βz λ
n
βz
). The spectrum of the TKE inner product, 〈q j, qi〉tke, is dominated by the
ﬁrst POD mode for βz=123.7rad/m. This indicates that the structures at St∼1.75 with highest turbulent kinetic energy
inside the slat cove have a ﬁnite typical wavelength in the spanwise direction, equal to 74% of the slat chord. Since
123.7rad/m is the lowest non-zero wavenumber for our spanwise length, this typical wavelenght is unaccurate and
data with better wavenumber resolution is needed to determine this typical wavelength precisely. Considering the
correlations involving pressure ﬂuctuations on both near- and far-ﬁeld, we see that these ﬂuctuations are typically
homogeneous in the spanwise direction, since the spectrum for inner products 〈q j, qi〉p and 〈q j, qi〉p f f are dominated
by the ﬁrst POD mode for βz=0. For the near-ﬁeld pressure inner product, the dominant POD mode corresponds to
almost 60% of the correlation at St∼1.75, while the dominant POD mode for 〈q j, qi〉p f f amounts to almost 100% of
the correlation at this frequency.
The streamwise velocity and pressure components of the leading POD modes at St∼1.75 for the three inner products
are shown in ﬁgure 7. The mode representing the most energetic structures (Fig. 7a) corresponds to ﬂuctuations
inside the slat cove with a characteristic length of the order of the cove dimension. On the other hand, the dominant
modes related to correlations of pressure ﬂuctuations are mainly represented by spanwise vortices typical of mixing-
layer instability. We note that the shape of the dominant modes for 〈q j, qi〉p and 〈q j, qi〉p f f are the same, while the
relative POD eigenvalues were very diﬀerent. This indicates that, although a small number of modes have signiﬁcant
coherence with pressure ﬂuctuations inside the slat cove, only the ﬁrst one is signiﬁcantly correlated to the pressure
ﬂuctuations in the far-ﬁeld. Moreover, this mode is not directly related to the structures with higher turbulent kinetic
energy.
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to the three diﬀerent inner products.
The spectra of POD modes for ﬂuctuations at St∼2.42 are shown in ﬁgure 8, showing the dominance of the
spanwise-homogeneous structures. The leading POD mode for the 〈q j, qi〉tke inner product captures ≈ 12% of the
ﬂuctuating kinetic energy at this frequency; the one corresponding to the near-ﬁeld pressure inner-product amounts
to 55% of the correlation, and the leading POD mode for the far-ﬁeld pressure correlation corresponds to more than
70%. Figures 9 shows the streamwise velocity component and pressure leading POD modes for the three inner prod-
ucts, which are shown to be dominated by the mixing-layer vortices. However, the vortices with St∼2.42 have smaller
wavelength compared to the structures corresponding to St∼1.75 (ﬁgures 7b and 7c). In the POD spectrum for far-
ﬁeld pressure inner product, we observe that the relative value of the second POD mode with βz=0 is greater than 0.2.
The shape of the real part of this POD mode is ploted in ﬁgure 9c and suggests that this mode also corresponds to
mixing-layer vortices. Together, the two leading POD modes represent almost 100% of the correlation of the far-ﬁeld
pressure ﬂuctuations.
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Fig. 8. Spectra of POD eigen-values considering three inner products, 〈q j, qi〉tke, 〈q j, qi〉p and 〈q j, qi〉p f f , for ﬂuctuations at St∼2.42.
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Fig. 9. Real part of streamwise velocity component (upper row) and pressure (lower row) of the leading POD modes obtained for St∼2.42. (a) ﬁrst
POD mode for 〈q j, qi〉tke; (b) ﬁrst POD mode for 〈q j, qi〉p f f ; (c) Second POD mode for 〈q j, qi〉p f f .
6. Conclusions
Lattice-Boltzmann simulations and wind-tunnel experiments were carried out to study the aeroacoustic noise gen-
erated by the slat of MD30P30N high-lift geometry at 4◦. Good comparison between the numerical results and the
tunnel measurements were achieved both for the averaged static pressure distribution on the airfoil surface and for the
far-ﬁeld acoustic spectra in the frequency range of maximum amplitude. Particularly, the match of the frequencies and
the levels of the peaks indicates that the simulations captures adequately the physics responsible for their generation
and are therefore appropriate for our goal of analyzing the ﬂow structures related to theses peaks. To further evaluate
the quality of the numerical results, another simulation was carried out at a ﬂow condition extensively studied by
other research groups, with Reynolds number of 1.7 million and Mach number of 0.17, ﬁnding a good agreement with
experimental (Cp distribution) and numerical results (spectrum of pressure ﬂuctuations on the slat surface) available
on the literature.
Based on the results of the simulation with Reynolds number equal to 1.7 million, analyses with the Proper Or-
thogonal Decomposition were made, focused on the turbulent structures inside the slat cove. The simulation data was
decomposed into spanwise and temporal Fourier modes prior to their use in the POD. Attention was focused on two
frequencies, corresponding to the dominant low-frequency peaks identiﬁed in the spectra: St∼1.75 and St∼2.42. Be-
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sides the usual norm that identiﬁes the structures according to the turbulent kinetic energy, norms based on the static
pressure ﬂuctuations in the near- and far-ﬁeld were also considered. For the two frequencies considered, the use of the
norm based on the far-ﬁeld pressure increased remarkably the correlation associated to the dominant POD mode. For
St∼1.75, the dominant eigenvalue, normalized by the sum of all eigenvalues at all spanwise wavenumbers considered,
was almost 1 (100% of the correlation), while for the turbulent kinetic energy norm, the respective normalized eigen-
value was smaller than 0.13. For St∼2.42, the leading POD eigenvalue was greater than 0.7 for the far-ﬁeld pressure
norm and approximately 0.12 for the turbulent kinetic energy norm. This indicates that the turbulent kinetic energy
at these frequencies is distributed over a number of large-scale structures with diﬀerent shapes, but structures of one
speciﬁc shape are far more correlated to the pressure dynamics in the far-ﬁeld than all other coherent structures. For
the two frequencies analyzed, these structures were similar to the spanwise vortices generated by the mixing-layer
instability. This agrees with the hypothesis that the peaks are generated by the excitation of the mixing-layer in the
context of an acoustic feedback loop, similar to the Rossiter modes in open cavities.
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